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A simple adaptive thinning methodology for Atmospheric Infrared Sounder
(AIRS) radiances is evaluated through a combination of Observing System
Experiments (OSEs) and adjoint methodologies. The OSEs are performed
with the NASA Goddard Earth Observing System (GEOS, version 5) data as-
similation and forecast model. In addition, the adjoint-based forecast sensitiv-
ity observation impact technique is applied to assess fractional contributions
of sensors in different thinning configurations. The adaptive strategy uses a
denser AIRS coverage in a moving domain centered around tropical cyclones
(TCs), sparser everywhere else. The OSEs consist of two sets of data assim-
ilation runs that cover the period from September 1st to 10 November 2014,
with the first 20 days discarded for spin-up. Both sets assimilate all conven-
tional and satellite observations used operationally. In addition, one ingests
clear-sky AIRS radiances, the other cloud-cleared radiances, each compris-
ing multiple thinning strategies. Daily 7-day forecasts are initialized from all
these analyses and evaluated with focus on TCs over the Atlantic and the Pa-
cific. Evidence is provided on the effectiveness of this simple TC-centered
adaptive radiance thinning strategy, in full agreement with previous theoret-
ical studies. Specifically, global skill increases, and tropical cyclone repre-
sentation is substantially improved. The improvement is particularly strong
when cloud-cleared radiances are assimilated. Finally, the article suggests
that cloud-cleared radiances, if thinned more aggressively than the currently
used clear-sky radiances, could successfully replace them with large improve-

ments in TC forecasting and no loss of global skill.
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1. Introduction

a. Assimilation of AIRS radiances: stating the problems

Data from the Atmospheric Infrared Sounder (AIRS), onboard the NASA Aqua satellite, have
been extensively used by operational weather forecasting centers worldwide for more than a
decade. Evidence that the assimilation of AIRS radiances brought a positive impact on the Eu-
ropean Centre for Medium-Range Weather Forecasts operational system was provided, among
others, by McNally et al. (2006). Similarly, positive impact was shown for the National Cen-
ters for Environmental Prediction (NCEP) system (e.g., Chahine et al. 2006; Le Marshall et al.
2006). Over the following years, other hyperspectral instruments have been designed and placed
into orbit: the Cross-track Infrared Sounder (CrlIS) onboard the Suomi National Polar-orbiting
Partnership (NPP), launched on 28 October 2011, and the two Infrared Atmospheric Sounding
Interferometers (IASI), onboard the MetOp-A and MetOp-B satellites, launched on 19 October
2006 and 17 September 2012, respectively. The combined impact of infrared instruments appears
to be dominant in current operational weather forecasting as shown, among others, by Joo et al.
(2013) in their evaluation of IASI (MetOp-A) and AIRS in the UK Met Office system through
adjoint methodologies. However, because the number of observations assimilated operationally
per cycle is currently approaching 107, it is becoming increasingly difficult for a single instrument
to positively impact the forecast skill.

Aggressive data reduction algorithms are necessary because of computational cost but also for
another, less immediate, reason: to reduce the effects of horizontally correlated errors. High
data density, while intuitively desirable, increases the possibility of not satisfying the crucial as-
sumption of errors being independent, which is a basic requirement in current operational data

assimilation systems. Ochotta et al. (2005) clearly state that “a high spatial and/or temporal data
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density can severely violate the assumption of independent observation errors’. Since the control
of error correlation between observations is an extraordinarily difficult problem, the large volume
of AIRS data and other infrared instruments is often suboptimally sampled on a regularly spaced
grid through the thinning procedure. This is in apparent contrast with the goals of instrument and
algorithm development teams, who are often focused on designing better products in terms of a
larger channel selection, larger data volume, and denser coverage.

In addition to suboptimal sampling, another fundamental limitation hinders the full exploitation
of AIRS and other infrared sensors: the limitation to the use of clear-sky radiances. Currently,
only data from channels that are thought to be unaffected by clouds are assimilated. This is in
contrast with the routine operational use of cloud-affected microwave radiances (e.g., Bauer et
al. 2010; Zhu et al. 2016), and poses a serious limitation to the usefulness of the infrared data,
since clear areas are meteorologically less active. From the point of view of tropical cyclone (TC)
forecasting, the rejection of cloud-contaminated channels often leaves evident data void areas
which are in marked correspondence to tropical cyclone circulations. This is particularly harmful
in cases in which no additional observations, such as the ones obtained by Hurricane Hunters’

flights, are available inside the storm’s circulation (e.g. Reale et al. 2009b).

b. The potential of adaptive thinning

A reasonable agreement exists on the fact that assimilation of additional observations in regions
where the observational network is dense, initial conditions are accurately known, or where error
growth is small, can yield only modest or no forecast improvements (e.g., Morss et al. 2001). That
study, among others, convincingly argued that adaptive strategies, based on ingesting additional
observations from areas where observational errors are large, or where forecast errors grow more

rapidly, could be very effective. A vast number of adaptive strategies have been proposed, such
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as techniques based on ensemble spread (e.g., Lorenz and Emanuel 1998), singular vectors (e.g.,
Gelaro et al. 1999), and ensemble transform techniques (e.g., Bishop and Toth 1999).

From the point of view of the present study, which is focused on assimilation of infrared radi-
ances, particularly relevant is a seminal work by Liu and Rabier (2003, hereafter LR03) which
discusses the potential of high-density observations in an Observing System Simulation Experi-
ment (OSSE) four-dimensional variational (4DVAR) context. The major finding, confirming their
previous, more theoretical, one-dimensional assessment (Liu and Rabier 2002), is that increased
observation density with uncorrelated errors always increases the analysis accuracy. At the same
time, LRO3 found that an increase in observation density degrades both analysis and forecast if
the error correlation between adjacent observations is greater than a certain threshold. Therefore,
a separation between an optimal analysis, in which errors are uncorrelated, and a suboptimal anal-
ysis, in which errors are assumed to be uncorrelated while in reality they are, could be ideally
achievable, based on an error correlation threshold.

Several methodologies, based on the conceptual understanding provided by LR03, were pro-
posed in the following years. Among them, Ochotta et al. (2005) presented two thinning algo-
rithms, called top-down clustering and estimation error analysis, to reduce the number of assimi-
lated observations while retaining the essential information content of the data. This results in an
observation density that is greater in rapidly changing regions. In Ochotta et al. (2007), a further
improvement and revisitation of the estimation error analysis technique was provided. Bondarenko
et al. (2007) presented a comprehensive discussion on the impact of observation density, and clar-
ified the fundamental fact that a suboptimal analysis is often a necessary choice because of the
difficulty and cost of determining observation-error correlations. Lazarus et al. (2010) provided
an in-depth comparison of ‘standard’ (i.e., regularly gridded) against ‘intelligent’ (i.e., adaptive)

thinning techniques, stating that ‘simple thinning tends to perform better over the relatively un-
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interesting homogeneous data regions’. Unfortunately, in spite of the deep underlying theoretical
understanding and by the very convincing findings of the above referred studies, the difficulties
associated with the widespread operational implementation of adaptive methods have proven, so
far, insurmountable.

Therefore, in practice, most operational centers are still compelled to use a regularly spaced grid
to perform data thinning, simply assuming that errors are uncorrelated, even if they are not. The
Gridpoint Statistical Interpolation (GSI, Wu et al. 2002; Purser et al. 2003a, 2003b), which is
the foundation of the GEOS Data Assimilation System (DAS), is no exception. Satellite radiance
data, including AIRS data, which represent the largest volume of data ingested into the numerical
weather prediction system (Rienecker et al. 2008), necessitate subsetting the data through a thin-
ning routine prior to assimilation. The sub-selection of channels affects the vertical data density
and is not the goal of this article: in the experiments described here we have assimilated 117 chan-
nels, a choice very similar to NCEP at that time and the Modern-Era Reanalysis for Research and
Applications, Version 2 (MERRA-2, Gelaro et al. 2017), with the actual channel selection shown
by McCarty et al. (2016). The thinning strategy, which is the focus of this article, affects the
horizontal data density, is prescribed to a thinning mesh for each instrument type and is designed
to give preferences to observations likely to pass quality control (Rienecker et al. 2008).

AIRS clear-sky radiance data are thinned in observation space and the thinning strategy is in-
dependent of information from the forecast model. For the reference experiment described in
this study, and used in routine operations at the NASA Global Modeling and Assimilation Office
(GMAO) from August 2014 to May 2015, thinning is performed on a uniformly-spaced grid of
145 km x 145 km. Within this grid, multiple instrument fields of view are present from which suit-
able data are chosen to be passed to the quality control routines. This selection is performed by

assigning a score to each radiance that is produced from a weighted combination of individual
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scores from various suitability tests. The scoring system is designed to prefer data that minimize
distance from the center of the grid box and temporal departures from the analysis time, are cloud-
free, and are present over water. The cloud-free criterion is evaluated using a window channel as
a reference, with a higher score assigned to warmer brightness temperatures, indicating that the
signal is more likely to reach the surface rather than detecting a cloud layer. Evaluation of AIRS
radiance data includes additional scoring to reduce contamination from thin cirrus.

After thinning, the selected radiance data are evaluated for quality control by the GSI using
comparisons to estimates from the forecast model and nearby observations for detection of poor
quality data and systemic biases that may necessitate correction before assimilation (Derber and
Wu 1998; Rienecker et al. 2008). Quality control procedures may reject a given radiance due
to the presence of clouds or precipitation, uncertainty in the surface emissivity estimate, or the
elimination of outliers produced by gross error check. Biases may result from errors in the satellite
instrument, the radiative transfer model, or the background atmospheric state produced by the

forecast model.

c. The potential of cloud-cleared radiances

The use of AIRS (and other infrared instruments) has been generally restricted to the assimila-
tion of clear-sky radiances, which considers only channels insensitive to clouds, either within a
clear field of view (FOV) or with a sensitivity limited to above the cloud top. The obvious limita-
tions stemming from the use of clear-sky data were discussed extensively, among several others, by
Reale et al. (2008), Reale et al. (2009a, b), and Reale et al. (2012). In these works, the assimilation
of AIRS retrievals obtained under partly cloudy conditions, also known as cloud-cleared retrievals
(e.g., Susskind et al. 2006) was compared to the assimilation of clear-sky radiances, which was

and continues to be the dominant operational approach worldwide. Results showed that assimila-
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tion of cloud-cleared retrievals improved: a) mid-latitude weather systems (Reale et al. 2008) via
improvement of the lower tropospheric temperature structure in polar regions, probably because
of a better representation of low-level stratus clouds, b) tropical cyclogenetic processes in the At-
lantic (Reale et al. 2009a), c) tropical cyclones in the North Indian Ocean (Reale et al. 2009b),
d) tropical cyclone-produced precipitation worldwide (Zhou et al. 2010) and e) large-scale flood-
producing precipitation (Reale et al. 2012), with focus on the forecast of a major flood-producing
precipitation event that occurred in Pakistan in 2010. The beneficial changes in the tropical regions
were attributed to the assimilation of upper-tropospheric temperature information in areas meteo-
rologically very active, particularly around TCs or large convective systems, in which clouds are
present. For example, the assimilation of AIRS-derived information in cloudy regions could cre-
ate a small upper-tropospheric temperature contrast between the area affected by a TC circulation
(becoming warmer as a consequence of ingestion of AIRS data) and the surrounding environment
(becoming slightly cooler), which resulted into a deeper and more confined center pressure. It was
therein also argued that clear-sky radiances predominantly come from relatively stagnant regions
of the atmosphere, such as large anticyclones, and are likely to exert less impact than data from
cloudy regions which are generally more active.

The aforementioned results obtained by assimilation of retrievals in partially cloudy regions,
while informative, have limited practical value for the forecasting community because of the al-
most exclusive operational use of direct radiance assimilation instead of retrievals. This choice
stems partly from theoretical reasons such as, for example, avoidance of additional sources of
background errors (e.g., McCarty et al. 2009). While the cloud-clearing algorithm used in AIRS
version 5 retrievals did not require any model background (e.g., Chahine et al. 2006; Le Marshall
et al. 2006; Susskind et al. 2006; 2011), additional practical and crucial constraints of real-time

forecasting such as latency, makes the use of retrievals impractical for the operational community.
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However, the lessons learned from the comparison between cloud-cleared retrievals and clear-sky
radiances cannot be ignored. Consistently better results were obtained by assimilating version 5
retrievals, measured with a diverse set of metrics, ranging from global skill to TC intensity and
extreme precipitation forecast. This is suggestive that improved coverage over meteorologically
active regions, which are generally affected by clouds, is an extremely important aspect. How-
ever, in spite of the fact that AIRS cloud-cleared radiances based on the methods of Chahine et
al. (2006) have been available for a long time at the NASA Distributed Active Archive Center
(DAAC), and that other centers have produced similar data sets, very few documented efforts of
assimilating AIRS radiances in cloudy regions exist in the literature (e.g., Pangaud et al. 2009;
Singh et al. 2011; Wang et al. 2015).

The purpose of this article is twofold. Firstly, it intends to provide some evidence on the benefits
which could be brought to operational forecasting by revisiting the overall thinning strategy with
a very simple adaptive approach, based on the conceptual understanding provided by the pioneer-
ing work by Liu and Rabier (2002, 2003), the comprehensive reviews offered, among others, by
Lazarus et al. (2012), and in agreement with the goals sought by operational centers (e.g., Zhu et
al. 2015). The second goal of this article is to show the value of AIRS cloud-cleared radiances,
which are not currently used in operational centers, but that could seamlessly replace clear-sky
radiances. In this regard, the article intends to reconcile the apparently contrasting concerns of op-
erational forecasts, constrained by the problems of error correlation and computational cost, and
the goals of the AIRS Science Team, which would advocate an improved use of AIRS products.

The article is organized as follows: Section 2 discusses the model and data sets, Section 3
provides a general description of the clear-sky experiments, with Section 4 showing the results.
Section 5 investigates the fraction of beneficial observations globally and on the tropical cyclone

scale with with the adjoint of the forecast system, Section 6 provides a general description of the
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cloud-cleared experiments, with Section 7 illustrating the corresponding results. Section 8 puts
the results into the context of current research, and lastly, Section 9 states the conclusions of this

work.

2. Model and Data Assimilation System

All the experiments produced as part of this work were carried out with the NASA Global Earth
Observing System (GEOS) data assimilation and forecast system, version 5, which merges the
cubed-sphere (Lin 2004) hydrostatic version of the model (Molod et al. 2012), with the Gridded
Statistical Interpolation (GSI) analysis scheme developed by the National Centers for Environ-
mental Prediction (NCEP) and modified by the GMAO (Rienecker et al. 2008). Specifically, the
version of GEOS used in this study is a frozen version (5.13.0pl) of the system, more recent
than the one used to produce the Modern Era Reanalysis for Research and Applications, version
2, (Gelaro et al. 2017) run with a cubed-sphere geometry of 360 x 360 grid cells (c360) within
each of the six faces of the gnomonic cubed-sphere grid (Putman and Lin 2007) nearly uniformly
distributed around the globe. This corresponds to a horizontal resolution of about 0.25? x 0.3125¢
around the equator [40,000km /(360 x 4 gridcells) ~ 25 km]. The vertical resolution is 72 hybrid-
eta layers extending to 0.01 hPa.

This GEOS version was the last one with a three-dimensional variational (3DVar) assimilation,
and was identical to the version used semi-operationally in the GMAO until May 2015, except for
disabling the vortex relocator. The current GEOS includes a hybrid four-dimensional ensemble-
variational (4DEnVar) assimilation scheme, but there are several reasons for performing the exper-
iments described in this article in a 3DVAR context. Among them, as noted by Morss et al. (2001),
ingestion of data is simpler to understand and the computational cost is lower, which allows for the

production of a very large number of experiments with increased statistical significance. It should
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also be noted that it was essential to use the same version of the model for all the experiments,
whose production spans a period of more than 2 years, starting in 2015 and ending in 2017. Finally
this choice of disabling the vortex relocator was made to show how AIRS data alone can constrain

the position of a storm.

3. Clear-Sky experiments setting

A first set of OSEs is performed to investigate the impact of adaptive thinning on clear-sky
radiances. While the focus of this article is on cloud-cleared radiances, the findings obtained by
the investigation of clear-sky radiances are a necessary prerequisite. This set consists of a number
of parallel data assimilation runs starting from September 1st, 2014 and ending on November 10th,
2014, each assimilating all the observations used operationally at that time, and differing from one
another only in the specific treatment of AIRS data. Seven-day forecasts are initialized at 0000
UTC daily from each analysis produced.

Specifically, the clear-sky OSE set comprises a reference experiment (RAD), which, in addi-
tion to data used operationally, assimilates clear-sky radiances thinned through a 145 km x 145 km
grid, which is identical to NCEP and also by the semi-operational version used by the GMAO
at that time (the current GMAO system has increased the size to 180km). This is regarded as
the control experiment. Then two extreme perturbation experiments are performed, identical to
RAD except for altering the AIRS global data density through much more (or less) aggressive
thinning. These extreme thinning perturbations represent ‘bounding’ experiments with a drasti-
cally larger or smaller data density: a thinning box of 75 km or 300 km is used in the experiments
named RAD2 and RAD3, respectively. Since only one radiance is chosen to be assimilated within

the box, increasing or decreasing the thinning box size allows less or more data in the analysis.
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More precisely, RAD2 ingests approximately four times more data than RAD, and RAD3 about
one quarter as many.

Aside from the bounding experiments, a simple, adaptive, TC-centered thinning scheme, which
combines two different AIRS data densities, is applied to the other experiments. Specifically,
the SThin experiment uses two different data densities resulting from thinning boxes: one inside
a ‘domain’ activated by the National Hurricane Center (NHC) - Joint Typhoon Warning Center
(JTWC) TC Best Track Data (NHC/JTWC BTD) information (also known as HURDAT?2), and
surrounding any TC present at a given time, the other global, outside the TC domain. Specifically,
the data distribution in the experiment SThin uses a thinning box of 75 km (as RAD2) in moving
domains spanning 15° x 15° each centered on any TC present worldwide, and a second based on a
thinning box of 300 km (as RAD3) used everywhere else. This results in a global density of about
one quarter compared to the control, except around TCs, where the density is four times larger
than RAD. In short, SThin has the same density as RAD2 inside the TC domains, and the same as
RAD3 outside the TC domains. Whenever there is a TC somewhere on the globe, the NHC/JITWC
BTD information (which contains, among other data, the TC position) is used to create a domain
around the TC in which denser AIRS data coverage is assimilated. During the period in which
the experiments take place, there are 23 TCs worldwide, and at least one TC for about 90% of
the duration of the assimilation. More precisely, the adaptive thinning is used 266 times over 284
6-hourly time steps, and up to 5 TCs are present simultaneously (17 Sep 2014) on all basins.

In a real-time set up, the BTD information could be seamlessly replaced with the ‘TC vital’
information (Trahan and Sparling 2012). The data densities in the experiments are listed in Table 1
and can be visualized in Fig. 1, which magnifies a region over the western North Atlantic, around
Hurricane Gonzalo at 0600 UTC 15 October 2014, for clarity. It is important to note that the size of

the TC domain (159 x 15?) in the experiment SThin results from being the best of a number of five
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experiments. The remaining four are are not discussed in this paper, but just listed for completeness
sake, and shortly commented. These are named SThin2, SThin3, SThin4, and SThin5. The first
two alter the thinning box sizes, the second two the TC domains. Finally, the experiment named
OPS represents the version of the model that was used operationally by the GMAO at the time,
and as late as 2015. OPS is exactly the same model version as RAD, and differs only because
the vortex relocator is used in the former. There is also another very minor difference in the
experiment setup: the sea surface temperatures (SSTs) used in the assimilation are updated daily
at 0000 UTC in RAD, and at 1200 UTC in OPS, but this cannot possibly affect skill. While we
refer to RAD as the rigorous control experiment, the additional reference to OPS is very important
because it shows that the use of the vortex relocator, thought to be useful for TC purposes, is
slightly harmful to the global skill. Moreover, this article will suggest in the following sections
that the supposed improvement to the TC analysis caused by the vortex relocator could be obtained
instead by adaptive assimilation of AIRS cloud-cleared data.

Fig. 1 illustrates the limitations of the clear-sky approach, in which only channels thought com-
pletely unaffected by clouds are evaluated for the thinning and then assimilated. In fact, at the
RAD data density level, a large data void area can be seen around hurricane Gonzalo, because
all the channels considered ‘cloud-contaminated’ are rejected before the thinning. However the
RAD?2 data distribution, even if still based upon clear-sky radiances, provides some hint of the
hurricane outer structure, because of the use of approximately four times more radiances. In fact,
particularly evident are some banded structures to the north and east of the center. A smaller
thinning box means that some observations can be accepted by the cloud-detection algorithm in
narrow clear filaments between rain bands. The smaller the box, the higher the likelihood that
some radiances in small clear areas can be assimilated. The experiment RAD3 uses a 300 km thin-

ning box, which causes AIRS data to be reduced to approximately one quarter compared to RAD.
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In contrast with RAD2, the RAD3 data distribution gives almost no information in the proximity

of the hurricane’s center.

4. Clear-sky experiment results

Figure 2 shows the 500 hPa global anomaly correlation for all the experiments whose coverage
is shown in Fig 1, as a function of forecast time. The differences of each experiment with respect
to both OPS and RAD are also displayed in the same figure. When the OPS experiment serves as
the reference for this plot, the improvements or degradations in skill shown in the center panel are
plotted with respect to the OPS forecast. Similarly, the figure below allows to discern improve-
ments or degradations compared to RAD. It is worth comparing against both: in fact, while RAD
is the ‘rigorous’ control experiment, OPS represents the model that was used operationally at that
time, and one goal of this article is to show that, aside to the large improvements in TC represen-
tation (to be shown later), no degradation of global skill occurs as a consequence of the adaptive
thinning.

The most striking result evident from Fig. 2 is that the two bounding experiments, RAD2 and
RAD3, characterized by the most extreme thinning, produce the worst and best global skill of all
the experiments, respectively. The improvement in skill for RAD3 is statistically significant com-
pared to OPS. RAD is significantly better than OPS, indicating that the use of the vortex relocator
alone, while profitable from a TC forecasting perspective, may be slightly harmful to the global
skill, (since it is reasonable to assume that no impact comes from updating SSTs at 0000 UTC or
1200 UTC, which is, as stated, the only other difference between RAD and OPS). As previously
noted, the SThin is chosen as the best among a number of adaptive thinning configurations listed
in Table 1. It is worth nothing that all have more global skill than the operational GEOS of that

time, but slightly less than SThin (not shown).
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The response to the two bounding experiments is also captured by other metrics. For example,
Fig. 3 shows the root-mean-square-error (RMSE) computed over the tropics for temperature in the
24-h and 120-h forecasts. RAD3 produces a small improvement and RAD?2 a large deterioration
compared to RAD and OPS in the 24-hour. The effect is maintained, even if smaller, up to day 5.

It is possible that the surprising beneficial effect of more aggressive data thinning for clear-sky
AIRS radiances can be explained in terms of error correlation. Following LRO3, it would seem
that error correlation, for the AIRS radiances on the scales in which they are operationally used,
exceeds a threshold so that the additional observations are harmful.

However, the situation changes drastically when observing active, rapidly evolving features with
tight gradients. The chosen example is Hurricane Gonzalo. Gonzalo was a TC that formed and
developed over the west Atlantic between 12 and 19 October 2014 (Brown 2015). It formed east
of the Leeward Islands, started recurving northwestward while undergoing rapid intensification.
It reached its peak intensity on the 16th, becoming a category 4 storm with a center pressure of
940 hPa. After landfall over Bermuda, the hurricane accelerated northward and then very rapidly
northeastward, while still retaining hurricane strength and a tropical structure as far north as 45°N.
Extratropical transition (ET) began at about 50°N with Gonzalo’s remnants becoming a very in-
tense mid latitude cyclone which produced, according to the United Kingdom Meteorological
Office, very strong winds on the British Isles (!). Gonzalo is a good case for this research because
its track was intercepted by several passes of the Aqua satellite, thus guaranteeing almost optimal
AIRS coverage, which facilitates the investigation of the impacts due to changes in AIRS data and
thinning strategy.

Fig 4 shows the zonal vertical cross-section, and horizontal transects at 850 hPa, across the center

of Hurricane Gonzalo, in the RAD, RAD3 and SThin analyses, at 1200 UTC 16 October 2014,

Uhttps://blog.metoffice.gov.uk/2014/10/2 1/top-uk-wind-speeds-as-gonzalos-remnants-felt/
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the time of its maximum intensity. The RAD cross-section shows a reasonable representation
of the storm, but affected by an excessive asymmetry not supported by observations, and much
weaker than observed, since winds of above 60 ms~! at 700 hPa were reported (Brown 2015).
The RAD3 analysis shows the impact of reducing the AIRS data density over the storm: while the
RAD3 global skill increased substantially, the relative absence of AIRS information over the storm
(recall Figs. 1 and 2), leads to a deterioration of the TC structure compared to RAD. Intensity is
drastically reduced, and the asymmetry is further increased. However, the TC structure resulting
from the SThin adaptive thinning is substantially better, with a tighter eye, a stronger warm core,
and a more symmetric structure. Since the SThin global skill is virtually indistinguishable from
RAD3 (Fig. 2), and the TC structure appears improved, the adaptive strategy of combining the
global aggressive AIRS thinning of RAD3 with the denser data coverage around Gonzalo appears
to be a good compromise.

These findings are consistent with those for other TCs present during the experiment period (not
shown) and can be interpreted, following LR03, as evidence of a scale-dependent error correlation
affecting the assimilation of AIRS radiances.

In fact, these OSEs are an indication that infrared data from hyperspectral instruments could
be thinned much more aggressively, because error correlation could be present on a global scale
at the current thinning level (as used in OPS or RAD), and that the consequent volume of AIRS
radiances assimilated globally is excessive. RAD3 consistently performs better than RAD, hence
the intuitive response to simply increase the size of the thinning box to assimilate a lower density of
radiances. However, since the analyzed structure of TCs appears to benefit by additional AIRS data
on the TC scale, it is likely that error correlation is much lower over the spatial and temporal scales
affected by TCs. RAD?2, in spite of having a much lower skill globally, improves the TC analysis

compared to RAD (not shown), while RAD3 acts in the opposite way: it increases the global
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skill but degrades the analyzed TC structure. SThin, which combines RAD2 and RAD3 densities,
suggests a scale dependence for error correlation, in agreement with the conceptual understanding
offered by LRO3, and indicates a TC-centered adaptive thinning as a possible pathway.

The reason why SThin global skill is close, but not superior, to RAD3, may be also interpreted
in light of the understanding provided by LR03, concerning an error correlation threshold beyond
which additional observations are harmful. In the experiments herein described the threshold is
not known: the fixed size of the TC domain, that does not take into account TC scale or the
particular stage in the TC life cycle, may include denser data coverage at times and locations
in which additional data are harmful. While the SThin configuration was selected as the best
among those examined (recall Table 1), it is undoubtedly suboptimal, because it cannot rigorously
separate observations that are beneficial from the ones that are not. A more refined approach could
involve variable TC domain sizes, based on the TC scale (which is available from the *TC vital’

information).

5. Use of the adjoint of the forecast model

The evidence provided so far by the first set of OSEs is indicative that with the current thinning
strategy for AIRS clear-sky radiances, correlated observation errors may be negatively impacting
the large scales. However, these correlations do not appear to have negative impact on the scale
of tropical cyclones. This suggests that a simple strategy, focused on assimilating fewer AIRS
radiances globally, except around TCs, could be successful.

Additional evidence can be provided with the use of a different methodology to assess obser-
vational impacts: the adjoint-based forecast sensitivity observation impact (FSOI) technique, first
proposed by Langland and Baker (2004). Benefits arising out of OSEs and adjoint models have

been studied and extensively compared, for example in the context of THe Observing system Re-
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search and Predictability EXperiment (THORPEX, created in 2003 by the World Meteorological
Organization as a testbed to compare advances and theoretical understanding in data assimilation
and observing strategies), by Rabier et al. (2008). Specifically, it is clarified that observing system
experiments (OSEs) and techniques based on the adjoint of the forecast model are complemen-
tary methodologies to assess contributions of different observing systems. Gelaro and Zhu (2009)
discuss in detail the usefulness and potential of OSEs and adjoint models. Gelaro et al. (2010)
compare the impact of assimilated observations on short-range forecast errors in 3 different fore-
cast systems using an adjoint-based FSOI.

The construction of the GMAO adjoint-based FSOI system follows Langland and Baker (2004)
and Trémolet (2008). Two forecasts are integrated 24 hours beyond the analysis time of interest,
one initialized from the analysis state itself and one from the background state. The reduction
in forecast error from the background to the analysis forecast results only from the observations
assimilated at analysis time. A response function provides a scalar measure of the forecast error
by applying a moist energy norm. The gradient of this function with respect to the model variables
is integrated backwards to the analysis time 24 hours prior using the adjoint of the model. The
output from the adjoint describes the regions that are most sensitive to the growth of the forecast
errors (in a tangent linear sense) at the initial time. In effect, changes in these locations would
have a larger impact on the size of the forecast errors than changes elsewhere, and observations in
these locations have the largest impact. Translation of this model sensitivity onto each observation
is achieved with an integration of the adjoint of the data assimilations system (Trémolet 2008;
Gelaro et al. 2010).

The combined use of adjoints and OSEs represents a powerful tool, because the adjoint based
FSOI can be used to analyze the effects on all the observations of different thinning box sizes

applied to AIRS. The adjoint of GEOS benefits from a full suite of moist physics schemes (Hold-
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away et al. 2014; Holdaway et al. 2015) allowing for proper interpretation of observation impact
where moist processes are important.

Two FSOI configurations, global and Gonzalo-centric, are considered in order to assess the over-
all impact of AIRS observations. In the global configuration, the adjoint is initialized for the entire
global domain and the impacts are also measured globally. In the Gonzalo-centric configuration,
the adjoint is initialized for a limited domain which encompasses the entire life cycle and track
of Hurricane Gonzalo. For this configuration, the impact is assessed only within another domain
around the initialization domain. This is done to prevent including spurious impact from remote
observations, which can occur due to sensitivity to gravity wave structure and through observation
weighting, and is important for constructing informative normalized metrics. Globally, the FSOIs
are computed at 0000 UTC. For the Gonzalo-centric domain, the FSOIs are computed at 0600
UTC and 1800 UTC, consistent with the timing of AIRS overpasses. Figure 5 shows the track and
intensity of Hurricane Gonzalo with the two domains encompassing the storm. The inner domain
(spanning from 75°W to 35°W and from 10°N to 40°N) shows the response function domain, the
outer domain (spanning 115°W to 5°E and from 30°S to 85°N) is the region in which the impact
is assessed. The outer domain is chosen so that 95% of the total observation impact is retained.

Fig 6 shows the fraction of beneficial observations resulting from the RAD, RAD2, and RAD3
experiments, computed using the global FSOI configuration. Here, the term ‘beneficial’ refers
to observations that reduce the 24-hour global error, as measured by the response function. The
fraction of beneficial AIRS observations slightly decreases in RAD?2 and increases in RAD3. This,
together with the changes in global skill seen in Fig 2, suggests that error correlation is reduced
by decreasing the AIRS data density, in agreement with LR0O3. However, the fact that CrIS data
also respond in the same way to the increase and decrease of AIRS data density, even if CrIS

data density is not modified in these experiments, is remarkable and strongly suggestive that cross-
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instrument error interactions should be considered. This is reasonable because of the similar orbits,
but is beyond the purpose of this article and will be addressed by a study in preparation. However,
for the purpose of this article, it is most important to verify if the fraction of beneficial observations
changes when affected by rapidly evolving meteorological features.

To this purpose, the same impacts seen in Fig 6 are recomputed but with the response function
calculated over a smaller spatial and temporal domain. Figure 7 shows the fraction of beneficial
observations between 0600 UTC 12 October and 1800 UTC 19 October, computed using the
Gonzalo-centric FSOI configuration. The response function that initializes the adjoint spans from
75°W to 35°W and from 10°N to 40°N); fractions are computed for a domain spanning from
115°W to 5°E and from 30°S to 85°N. The figure shows the average across all 0600 UTC and
1800 UTC analyses, the approximate time Aqua passes over the domain, from 12 October 2014 to
19 October 2014. The most striking result is the increase of AIRS radiances impact in the RAD2
case, indicating that a much denser data distribution is beneficial over the spatial and temporal
scale that is affected by the Hurricane Gonzalo. It is worth noting that the adjoint forecast are
computed twice, at the times in which the area over which Gonzalo is active is affected by direct
AIRS passes, which increases the confidence in the result. Moreover, the environment that controls
Gonzalo’s large-scale low-level moist flow largely exceeds the scale of the domain in which the
observation impacts are evaluated. Specifically, the easterly flow entering the domain from the
East and associated with the African Easterly Jet is a very sensitive feature characterized by strong
meridional temperature gradients, where the detailed infrared information provided by additional
AIRS data can provide a beneficial impact on the analysis, as shown in previous studies (e.g.,
Reale et al. 2009a).

It is important to note the difference between Figs. 6 and 7 in combination with the results

discussed about Figs. 2 and 4: denser coverage in RAD?2 decreases forecast skill and AIRS impacts
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in global metrics, but it can increase forecast skill and AIRS impacts for Gonzalo. Conversely,
the sparser data coverage of RAD3 results in an increase in skill and AIRS impact globally but
decrease for Gonzalo. These results in unison are strongly suggestive that error correlation acts on
a smaller scale in areas affected by hurricanes, and that a TC-centered adaptive approach may be

beneficial.

6. Cloud-Cleared experiments setting

Table 2 and Figure 8 describe the configuration of the experiments assimilating cloud-cleared ra-
diances, and illustrate their corresponding data density. The experiment named CLD differs from
RAD only because cloud-cleared radiances are assimilated instead of clear-sky. The global data
density, consequent to a thinning box choice of 145 km, is about the same. However, the specific
distribution of the data is not the same, as can be noted by comparing Figs 8 and 1. Clear-sky and
cloud-cleared radiances are completely different products, and as such cannot be expected to cor-
respond precisely. As discussed by Reale et al. (2012), which focused on retrievals, the underlying
cloud-clearing algorithm uses a different channel selection than clear-sky, and the cloud-cleared
radiances are extracted from an array of 3 X 3 FOVs, so an exact correspondence of data location
cannot be expected even if the thinning box is the same. Aside from the precise location of in-
dividual assimilated observations, it should be noted that the mere position of CLD observation
minus forecast (O-F)s reveals slightly more meteorological structure around the center of Gonzalo
than RAD does. This stems from the ability of the cloud-clearing algorithm to extract data from
areas that are affected by partial cloud coverage. As for the clear-sky case, two extreme ‘bound-
ing’ experiments, named CLD2 and CLD3, are performed. The CLD2 data distribution seen in
Fig 8 results from a thinning box of 75 km which produces about 4 times more data than CLD,

whereas CLD3 data distribution is obtained by thinning cloud-cleared radiances with a thinning
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box of 300 km which retains about one quarter of the CLD data. Two adaptive thinning selections
of cloud-cleared data are discussed in this work: SThin_CLD, combining the data density of CLD3
globally and the data density of CLD2 inside a moving domain of 15° x 15¢ centered around any
TC in the globe, and activated by the BTD information, and SThin2_CLD, which combines CLD

density inside the TC domain and CLD3 globally.

7. Cloud-Cleared experiments results

a. Impact on global skill

Figure 9 shows the anomaly correlation of all the cloud-cleared experiments compared to OPS
and RAD, which are both used as the reference. As for the clear-sky experiments, the bounding
experiments CLD2 and CLD3 produce the highest and lowest skill, respectively, but the drop of
skill in the CLD2 case is much more dramatic than in RAD?2 (recall Fig. 2), indicating that an
excessively dense coverage in cloudy radiances is even more harmful. However, the two adap-
tive thinning experiments, both with a global data density of about one quarter that of CLD, are
clustered together without significant difference in skill from RAD. Moreover, none of them is
worse than OPS, which was the operational GEOS version at the time, identical to RAD except
for the use of the vortex relocator. The temperature RMSE as a function of height over the trop-
ics, computed for CLD, CLD2, and CLD3 against RAD, for the 24 h and 120 h forecasts shows
a consistent pattern (and a behavior similar to the one noted in Fig 3 for the bounding clear-sky
experiments): CLD3 very slightly outperforms RAD while CLD2 causes a large increase in error
(not shown).

This suggests that errors of cloud-cleared radiances are much more correlated than those of

clear-sky radiances. Following Daley (1993) the observation error can be separated into an in-
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strumental error and a representativeness error. It is possible that the representativeness error of
the cloud-cleared radiances is smaller and as such the errors are more correlated if assimilated at
the same density as the clear-sky radiances. Whatever the cause, the important fact is that cloud-
cleared radiances, if assimilated with a data density of about one quarter the one of the currently
assimilated clear-sky radiances, can produce a comparable, or even slightly higher, global skill in

the GEOS.

b. Impact on tropical cyclone analysis

Since the purpose of this work is to improve the analyzed representation of tropical cyclones by
making a better use of AIRS, three TCs that occur during the period are investigated: Edouard and
Gonzalo in the Atlantic, and Vance in the Eastern Pacific. Of these, Gonzalo is the most favorable
from an AIRS coverage perspective. However, cloud-cleared radiances provide a positive impact
on all three.

Edouard can be considered as a slowly developing Cape Verde system since its origins can be
traced to an African Easterly Wave that exited the coast of western Africa on September 6th, with
closed circulation sufficiently defined to be a tropical depression only five days later, on 1200
UTC 11 September 2014 (Stewart 2014) at about 35°W. Edouard underwent rapid intensification
becoming a category 3 hurricane and reaching peak intensity on the 16th and 17th, and then rapidly
weakening on the 18th, while turning eastward, embedded in the westerly flow. From the point of
view of this research, it represents a less than optimal case, because the storm quickly deepens and
quickly dissipates, not benefiting from the information that several Aqua passes over the mature
storm would have provided. In spite of the coverage limitation, the use of AIRS cloud-cleared

radiances positively affects the representation of the storm.
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In fact, Fig 10 illustrates the analyzed representation of center pressure for Edouard in 3 experi-
ments (RAD, CLD3, and SThin2_CLD), compared to the observed Best Track data. Results from
SThin_CLD are not shown for clarity, being consistently between RAD and SThin2_CLD, also
for other cases. In other words, SThin2_CLD provides the best representation of TCs through-
out the experiment period on all basins. Both analyses that assimilate cloud-cleared data produce
a representation of the storm closer to the observations, with slightly deeper values than RAD.
However, the zonal vertical cross section of Edouard taken at the time of its second intensity
peak (1800 UTC 17 Sep) shows more clearly (Fig 11) that horizontal and vertical structure of the
storm is positively affected by the assimilation of cloud cleared data and that the adaptive thinning
methodology brings the largest intensification. Note for example the circulation becoming closed
on the northwest quadrant in the SThin2_CLD experiment, and the corresponding increase in ver-
tical extent of the thermal anomaly. While the actual strength of Edouard is still underestimated,
the SThin2_CLD experiment shows an intensification of about 10 ms~! compared to RAD.

Gonzalo’s analyzed center pressure is shown in Fig 12. The improvement brought by adaptively
thinned cloud-cleared radiances is much more dramatic, reaching maximum intensity at 1800 UTC
16 October, just six hour after peak intensity, (when the observed center pressure was still very
low, at 942 hPa), and with 20 hPa deeper compared to RAD. Gonzalo represents an almost ideal
situation for the adaptive thinning strategy, because it is a sufficiently long-living storm (and hence
is covered by multiple Aqua passes), it does not undergo dramatic scale changes, and it is neither
too small (which would pose resolution problems) or too large (with a circulation exceeding the
swath of the AIRS passes).

The importance of good AIRS coverage is particularly evident in Fig. 13, which shows the zonal
vertical cross-sections across Gonzalo, and the corresponding horizontal sections at 850 hPa, in

the RAD, CLD3 and SThin2_CLD cases at 1800 UTC 16 October 2014, very close to its peak
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intensity. The assimilation of cloud-cleared radiances at a CLD3 density level does not exert
an impact on Gonzalo’s structure compared to RAD, but the denser coverage of SThin2_CLD
provides a dramatic speed increase of more than 15 ms~!, with peak speed of about 45 ms~! at

about 700 hPa which, is the level where the maximum speed of 68 ms!

was measured by an US
Air Force Hurricane Hunter aircraft at 0000 UTC 17 October (Brown 2015).

Vance was a small-scale, relatively short-lived Hurricane, which lingered between October 30th
and November 2nd at tropical depression intensity level, underwent a rapid intensification on
November 2nd, reached category 2 and peak intensity on November 3rd, and very rapidly dissi-
pated on November 4th. This represents a very difficult case for a global DAS, because of intrinsic
problems associated with poor data coverage and resolution. Figure 14 shows the analyzed min-
imum center pressure as a function of time, and confirms that the storm was almost not seen by
the DAS in the RAD case. The center pressure never reaches 1000 hPa and does not show any
hint of intensification. The cloud-cleared cases are slightly better, both going below 1000 hPa, al-
though strongly underestimating its depth. However, the impact of cloud-cleared radiances on the
storm structure is not negligible (Fig. 15). While the RAD vertical section and circulation reveal
an open wind structure, with a shallow warm core not reaching the mid troposphere, the CLD3
case shows a better defined velocity vertical structure, a more pronounced warm core reaching 300
hPa, and a well defined low-level circulation. Interestingly, the SThin2_CLD experiment, while
better than RAD, does not outperform CLD3. The AIRS coverage (not shown) is relatively poor
for this short-living storm: there are no Aqua passes over Vance at its peak intensity, suggesting
that CLD3, which probably produces a slightly better representation of the global scale (recall the

better CLD3 global skill in Fig.9), influences the representation of Vance more than SThin2_CLD

since no additional AIRS data are assimilated in spite of the adaptive strategy.
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c. Impact on tropical cyclone track and intensity forecast

The assimilation of adaptively thinned cloud-cleared AIRS radiances does not have a signif-
icant impact on error track statistics during the chosen period, as for the case of clear-sky ra-
diances. Compared to RAD, track errors produced by most configurations differ little. For ex-
ample, SThin_CLD track error at day 3 for Gonzalo is about 20 km smaller than RAD, whereas
SThin2_CLD produces a 72-hour track error 30 km larger than RAD. As a reference, the RAD
error was about 290 km, slightly larger than the corresponding errors of 250 km by the NCEP
GFS and 265 km of the ECMWF model (Brown 2015). The impact of the adaptive strategies on
forecast track error for the other storms investigated in these experiments is also negligible (not
shown).

However, the impact is significant in intensity forecast, up to 48 hours. This is reasonable
because of the improved analyzed TC structure. In particular, the type of impact appears to be
different for storms that have a good AIRS coverage during their life cycle and storm that do not.
Figure 16 showcases two representative cases, Gonzalo and Vance, showing the RMS error for the
predicted center pressures of the two storms as a function of forecasting time. For Gonzalo, there
is a significant improvement in the SThin2_CLD case, which is consistent with the substantially
improved analysis seen in Figs. 12 and 13. The impact on intensity forecast in the CLD3 is, on the
contrary, negligible.

In the case of Vance, the situation is different, with CLD3 giving the best forecast and
SThin2_CLD providing a smaller improvement compared to RAD. This is consistent with the
fact that Vance is small scale, not well resolved at the GEOS resolution, and that the time of
full intensity is short and not covered by a full AIRS pass. As such, the additional information

provided by the adaptive thinning is not used. However, the information provided by the cloud-
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cleared radiances on the large scale, brings some improvement in both cases, consistent with the
slightly improved analysis seen in Figs. 14 and 15. It is interesting to observe that the impact on
intensity forecast decreases as a function of forecasting time in Gonzalo’s case, and increases in
Vance’s case. This can be explained considering that the improvement is brought by the addi-
tional information on the TC structure provided by adaptive thinning in Gonzalo’s case, and by
the improvement brought on the large scale, which is likely the beneficial factor in Vance’s case.

This contrasting behavior, while confirming that cloud-cleared radiances are beneficial in both
cases, suggests that a more refined adaptive strategy should include a scale-dependence for the
size of the TC domain in which denser coverage is to be used instead of a fixed TC-domain as
done in these experiments. Moreover, the limitations caused by insufficient AIRS coverage for
short-lived storms could be a consequence of the 3DVAR assimilation, and may be mitigated by a
four dimensional assimilation. However, it is important to clarify that the cloud-cleared adaptive
approach has never produced a negative impact on any of the TCs present during this period over
all basins: the impact is strongly positive when coverage is good, or neutral when coverage is not
optimal (not shown).

Finally, the adjoint of the forecast and analysis models are used in the same way as in the clear-
sky case, with focus on the cloud-cleared experiments CLD3 and CLD, and the adaptive thinning
SThin2_CLD. The same two FSOI configurations, global and Gonzalo-centric (recall Fig 5), are
considered in order to assess the overall impact of AIRS cloud-cleared observations. In the global
configuration, the adjoint is used to assess 0000 UTC analysis times for the entire global domain
and the impacts are also measured globally. In the Gonzalo-centric configuration, the adjoint is
used to assess the 0600 UTC and 1800 UTC analysis times for a limited domain, which encom-
passes the entire life cycle and track of Hurricane Gonzalo. The results presented below show

the average observation impacts for the two analysis times. By assessing 0600 UTC and 1800
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UTC analyses all times that Aqua flies over the domain are taken into consideration. Figure 17
shows the fraction of beneficial observations on the global domain, comparing the experiments
CLD, CLD3 and SThin2_CLD; Figure 18 compares the fraction of beneficial observations over the
Gonzalo-centric domain. On the global scale, CLD3 has the largest fraction of beneficial observa-
tions, in agreement with the best global skill seen in Fig 9. However, within the Gonzalo-centric
framework, it is the SThin2_CLD configuration that contains the largest fraction of beneficial ob-
servations. This suggests that the adaptive thinning of cloud-cleared radiances is most effective,
even more so than when applied to clear sky observations. This is likely due to the much higher
information content in the cloud-cleared radiances. It is worth remembering, for example, that
one cloud-cleared radiance is obtained from up to nine field of views within the same footprint

(Chabhine et al. 2006; Susskind et al. 2011).

8. Discussion

Several caveats are necessary to place this work into a proper context. First, the focus of the
research is on AIRS. Ongoing work at this time has shown that the error correlation problem does
not affect just AIRS, but also other hyperspectral instruments such as CrIS and IASI. Specifically,
evidence is suggestive not only that the issue of excessive data density at the current thinning
levels may exist for other instruments, but also that an interaction between data from different
instruments is possible. As a consequence, a more robust strategy should consider revisiting the
thinning for the three instruments together. While this is beyond the purpose of this work, it is
important to state that the thinning levels that appear to be the best for AIRS from this work, could
need further adjustments when changes in thinning for other sensors are also included.

Second, the results obtained from the adaptive thinning reveal a scale dependence and are

strongly sensitive to coverage. In fact, the specific adaptive thinning schemes seem to benefit
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different TCs in different domains. For example, Gonzalo is a very favorable case because sev-
eral passes occur over its lifetime, and its scale does not exceed the swath of the AIRS pass. For
Vance, the rapid evolution and the small scale make the adaptive configurations used here of little
use. For other storms not shown in this work, such as the typhoon Vonfong, whose effects on the
large-scale environment largely exceed the swath of AIRS, the response is essentially neutral to
AIRS thinning changes.

Third, the limitations caused by the 3DVAR could act in two directions. From one side, it is
possible that the limitations caused by coverage are reduced once observations are continuously
assimilated in time. From the other, it is possible that the thinning levels suitable for a 3DVAR
configuration need to be altered in a 4DVAR system.

Fourth, cloud-cleared radiances have not been studied extensively in a data assimilation context.
A deeper investigation of their quality control could be beneficial to understand their different
responses to thinning. It is possible that the representativeness error of cloud-cleared radiances
be smaller than clear-sky radiances, since they represent both clear areas and areas that are partly
affected by clouds, and result from an average of more FOVs, which reduces their signal to noise
ratio. A smaller representativeness error could be one cause of larger error correlation. While this
lies beyond the scope of this article, it is nevertheless an important aspect to consider in future
investigations aiming at the operational use of them.

Fifth, only the horizontal error correlation problem is addressed in this work. The problem of
correlation between channels (e.g. Todling et al. 2015) is not investigated. It is possible that
cross-channel error correlation could be altered by the cloud-clearing procedure.

Sixth, while the impact of cloud-cleared radiances from AIRS and CrIS has been proven to be
beneficial in a regional model context with focus on TCs (Wang et al. 2015; Wang et al. 2017), and

the possibility of adaptive thinning could be explored, the results from this work would probably
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not be directly applicable without additional research. The concept of ‘optimal data density’ could
be drastically different in a regional model context. For example, Lin et al. (2017) illustrates the
beneficial impact of AIRS on short range forecasts even in a data rich area, after undergoing a

preprocessing that involves channel selection and bias-correction spinup.

9. Conclusions

Notwithstanding the limitations discussed in the previous section, there are two findings sug-
gested by the two sets of OSEs and the adjoint results herein described. The first appears to be
evidence that AIRS clear-sky radiance errors at the current thinning level are strongly correlated
on a global scale, but that error correlation is reduced around tropical cyclones. This finding is
intuitively consistent with the conceptual understanding provided by LRO3.

The second finding is that there is great potential benefit in using cloud-cleared radiances, rather
than clear-sky radiances, in an operational context. Their primary effect on TC representation (con-
sistent with already known impacts of assimilating cloud-cleared retrievals e.g., Reale 2009b) is to
create a very strong and concentrated temperature anomaly in the upper troposphere, (e.g., Fig. 13)
with gradients of the order of more than 10°C/100km which translates, through hydrostatic ad-
justment, to a lower central pressure. The thermal anomaly is present for all TCs worldwide (not
shown) and has the combined effect of deepening the storms and also adjusting their positions. In
fact, the peak of the temperature anomaly that is induced by the assimilation of cloud-cleared ra-
diances is aligned with the storm center. Consequently, the use of cloud-cleared radiances negates
the need of a vortex relocator, which has been noted in this paper to reduce global skill (recall
comparison of OPS with RAD in Figs. 2 and 9) and has a computational cost. Cloud-cleared ra-

diances are distributed from the Goddard DAAC and are available in real time. > Alternatively,

Zhttps://daac.gsfc.nasa.gov/datasets/ AIRI2CCF_V006/summary ?keywords=ATRS %20cloud%20cleared%20radiances
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operational centers could produce their own cloud-cleared radiances by developing an algorithm
or modifying existing ones (e.g., Susskind et al. 2014), which could improve latency. The errors of
cloud-cleared radiances appear to have higher spatial error correlations than clear-sky radiances,
meaning they can and should be thinned more aggressively. A density of about one-quarter of the
cloud-cleared radiances results in retaining the same global skill as RAD, while substantially im-
proving the TC analysis. These facts should be considered in an operational environment, because
indicate the possibility of reduced computational costs.

The underlying motivation for this article was to explore the possibility of error correlation
affecting the forecast skill in response to the assimilation of AIRS radiances. OSEs with different
adaptive configurations suggest that the scales of observational error correlation for AIRS are
much smaller for TCs. The use of the adjoint of the forecast model is supportive of this idea
and encourages further research on a simple, TC-based, adaptive scheme for all hyperspectral
data. In addition, this work shows that cloud-cleared radiances, if used at a much sparser level
than clear-sky radiances globally except around tropical cyclones, can bring a comparable or even
slightly superior global skill, while drastically improving the TC analysis and intensity forecast in
the GEOS. The implications for TC operational forecast improvement are noteworthy and worth

exploring.
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Table 1.

Table 2.

Thinning experiments setup, clear-sky radiances. The horizontal line separate
OPS, RAD, RAD2 and RAD3 (global thinning experiments), from the adap-
tive experiments. First column: experiment names; second column: size of the
thinning box adopted globally; third column: size of the TC-centered, mov-
ing domain, in which a denser thinning is adopted; fourth column: thinning
box size inside the TC domain; fifth column: density of AIRS radiances as-
similated globally compared to the reference x in the RAD experiment; sixth
column: density of AIRS radiances assimilated inside the TC domain, com-
pared to RAD. Among the five adaptive thinning experiments, SThin combines
the data density of RAD3 and RAD2 and have been determined to be the best
of the five. The experiment settings for SThin2, SThin3, SThin4 and SThin5
are listed for completeness. In all the experiments except OPS the vortex relo-
cator is disabled so as to give AIRS data the possibility to constrain the storm
position.

Adaptive thinning experiments setup, cloud-cleared radiances. First column:
experiment names; second column: size of the thinning box adopted globally;
third column: size of the TC-centered, moving domain, in which a denser thin-
ning is adopted; fourth column: thinning box size inside the TC domain; fifth
column: density of AIRS radiances assimilated globally compared to the ref-
erence x in the CLD (and RAD) experiment; sixth column: density of AIRS
radiances assimilated inside the TC domain, compared to CLD. In all the ex-
periments the vortex relocator is disabled so as to give AIRS data the possibility
to constrain the storm position.
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Clear-sky Experiments

Exp Name Global TC TC Domain ~ Global ~ TC Domain
Thin Box Domain Thin Box Density Density
OPS 145 - - X -
RAD 145 - - X -
RAD2 75 - - ~4x -
RAD3 300 - - ~1/4x -
SThin 300 15° x 15° 75 ~1/4x ~4x
SThin2 300 15° x 15° 145 ~1/4x X
SThin3 300 15° x 15° 110 ~1/4x ~1/2x
SThin4 300 7.5° x7.5° 75 ~1/4x ~4x
SThin5 300 30° x 30° 75 ~1/4x ~4x

TABLE 1. Thinning experiments setup, clear-sky radiances. The horizontal line separate OPS, RAD, RAD2
and RAD?3 (global thinning experiments), from the adaptive experiments. First column: experiment names; sec-
ond column: size of the thinning box adopted globally; third column: size of the TC-centered, moving domain,
in which a denser thinning is adopted; fourth column: thinning box size inside the TC domain; fifth column:
density of AIRS radiances assimilated globally compared to the reference x in the RAD experiment; sixth col-
umn: density of AIRS radiances assimilated inside the TC domain, compared to RAD. Among the five adaptive
thinning experiments, SThin combines the data density of RAD3 and RAD2 and have been determined to be the
best of the five. The experiment settings for SThin2, SThin3, SThin4 and SThin5 are listed for completeness.
In all the experiments except OPS the vortex relocator is disabled so as to give AIRS data the possibility to

constrain the storm position.
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Cloud-Cleared Experiments

Exp Name Global TC TC Domain ~ Global ~ TC Domain
Thin Box Domain Thin Box Density Density
CLD 145 - - X -
CLD2 75 - - ~4x -
CLD3 300 - - ~1/4x -
SThin_CLD 300 15° x 15° 75 ~1/4x ~4x
SThin2_CLD 300 15° x 15° 145 ~1/4x X

TABLE 2. Adaptive thinning experiments setup, cloud-cleared radiances. First column: experiment names;
second column: size of the thinning box adopted globally; third column: size of the TC-centered, moving
domain, in which a denser thinning is adopted; fourth column: thinning box size inside the TC domain; fifth
column: density of AIRS radiances assimilated globally compared to the reference x in the CLD (and RAD)
experiment; sixth column: density of AIRS radiances assimilated inside the TC domain, compared to CLD. In

all the experiments the vortex relocator is disabled so as to give AIRS data the possibility to constrain the storm

position.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Clear-sky AIRS radiance coverage in all the experiments at 0600 UTC 15 October 2014.
L is Hurricane Gonzalo’s center, from the NHC. Circles indicate locations of assimilated
radiances: observation minus forecast (O-F) brightness temperatures (values in K), channel
169, corresponding to approximately 185hPa.

Global anomaly correlation for AIRS clear-sky radiance assimilation experiments, com-
puted for the forecasts initialized from September 21st to October 31st, 2014 (41 forecasts).
Forecast skill as a function of forecast time (panel above), experiment minus OPS fore-
cast skill difference (center panel), experiment minus RAD forecast skill difference (lower
panel). The horizontal bars represent statistical significance.

Vertical profiles of Temperature RMSE for AIRS clear-sky radiance assimilation experi-
ments. Tropics only (30°S to 30°N). All the RMSE profiles for experiments with adaptive
thinning are contained between the RAD2 and RAD3 (not shown for clarity).

Above: Zonal vertical section of wind (ms~'), temperature (°C, solid black contours) and
temperature anomaly (solid red contours, contours every 2°C, only > 4°C for clarity) for
Hurricane Gonzalo at 1200 UTC 16 October 2014, comparing the RAD, RAD3 and SThin
experiments. Below: horizontal winds at 850 hPa (m s~ 1, shaded) and slp (hPa, solid).

Domains for measuring the impact of AIRS observations close to Gonzalo using the ad-
joint based FSOI. The inner domain (black lines) shows where the response function for
the adjoint sensitivity is computed, i.e. the region where the impact is measured. The outer
box (red lines) shows the region for which impacts are screened, AIRS observations occur-
ring outside this region are not included in subsequent metrics. Gonzalo’s track from NHC
is superimposed, with colors corresponding to intensity (green=tropical depression, yel-

low=tropical storm, red=hurricane, purple=major hurricane); extratropical phase not plotted.

Fraction of observations from each instrument type that reduced 24-hour forecast error for
the period 1 -31 October 2014. Red, green and blue bars show the impact on the fraction of

beneficial observations produced by the RAD, RAD2, and the RAD3 experiments, respec-

tively. . . . . .

Fraction of observations from each instrument type that reduced 24-hour forecast error for
the period 12-19 October 2014, over a domain encompassing the track and life cycle of
Hurricane Gonzalo. Red, green and blue bars show the impact on the fraction of beneficial
observations produced by the RAD, RAD2 and RAD3 experiment, respectively. The im-
pacts are computed as the average of the adjoint initialized across all 0600 UTC and 1800
UTC analyses, corresponding approximately to the Aqua passes over the domain.

Cloud-cleared AIRS radiance coverage in all the experiments at 0600 UTC 15 October 2014.
L is Hurricane Gonzalo’s center, from the NHC. Circles indicate locations of assimilated
radiances: observation minus forecast (O-F) brightness temperatures (values in K), channel
169, corresponding to approximately 185hPa.

Global anomaly correlation for AIRS cloud-cleared radiance assimilation experiments, for
the forecasts initialized from September 21st to October 31st, 2014 (41 forecasts). Forecast
skill as a function of forecast time (panel above), experiment minus OPS forecast skill dif-
ference (center panel), experiment minus RAD forecast skill difference (lower panel). The
horizontal bars represent statistical significance.
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Analysis of minimum center pressure for Hurricane Edouard in RAD, CLD3, and
SThin2_CLD experiments, compared to the observations (National Hurricane Center Best
Track).

Above: Zonal vertical section of wind (ms™'), temperature (°C, solid black contours)
and temperature anomaly (solid red contours, contours every 2°C, only > 4°C for clar-
ity) for Hurricane Edouard at 1800 UTC 17 September 2014, comparing the RAD, CLD
and SThin2-CLD experiments. Below: horizontal winds at 850 hPa (m st shaded) and slp
(hPa, solid).

Analysis of minimum center pressure for Hurricane Gonzalo in RAD, CLD3, and
SThin2_CLD experiments, compared to the observations (National Hurricane Center Best
Track).

Same as Fig ??, but for Hurricane Gonzalo at 1800 UTC 16 October 2014.

Analysis of minimum center pressure for Hurricane Vance in RAD, CLD3 and SThin2_CLD
experiments, compared to the observations (National Hurricane Center Best Track).

Same as Fig ??, but for Hurricane Vance at 1200 UTC 03 November 2014. Red contours
>2°C .

RMS Error for center pressure forecast (hPa) as a function of forecast time. Gonzalo (top),
Vance (bottom).

Fraction of observations from each instrument type that reduced 24-hour forecast error for
the period 1-31 October 2014. Red, blue and yellow bars show the impact on the fraction
of beneficial observations produced by the CLD, CLD3, and the SThin2_CLD experiment,
respectively.

Fraction of observations from each instrument type that reduced 24-hour forecast error for
the period 12-19 October 2014, over a domain encompassing the track and life cycle of
Hurricane Gonzalo. Red, blue and yellow bars show the impact on the fraction of beneficial
observations produced by the CLD, CLD3, and the SThin2_CLD experiment, respectwely
(averaging the forecasts initialized at 0600 UTC and 1800 UTC). . .
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083 FI1G. 1. Clear-sky AIRS radiance coverage in all the experiments at 0600 UTC 15 October 2014. L is Hur-
ess ricane Gonzalo’s center, from the NHC. Circles indicate locations of assimilated radiances: observation minus

ss forecast (O-F) brightness temperatures (values in K), channel 169, corresponding to approximately 185hPa.
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Forecasts Statistics
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986 FIG. 2. Global anomaly correlation for AIRS clear-sky radiance assimilation experiments, computed for the
se7 forecasts initialized from September 21st to October 31st, 2014 (41 forecasts). Forecast skill as a function of
ss forecast time (panel above), experiment minus OPS forecast skill difference (center panel), experiment minus

s RAD forecast skill difference (lower panel). The horizontal bars represent statistical significance.
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Temperature RMSE
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990 F1G. 3. Vertical profiles of Temperature RMSE for AIRS clear-sky radiance assimilation experiments. Tropics

st only (30°S to 30°N). All the RMSE profiles for experiments with adaptive thinning are contained between the

2  RAD2 and RAD3 (not shown for clarity).
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993 FIG. 4. Above: Zonal vertical section of wind (ms~!), temperature (°C, solid black contours) and temperature
s« anomaly (solid red contours, contours every 2°C, only > 4°C for clarity) for Hurricane Gonzalo at 1200 UTC 16

ws October 2014, comparing the RAD, RAD3 and SThin experiments. Below: horizontal winds at 850 hPa (m s,
ws shaded) and slp (hPa, solid).
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Gonzalo Track and Adjoint Response Function Domains
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FI1G. 5. Domains for measuring the impact of AIRS observations close to Gonzalo using the adjoint based
FSOI. The inner domain (black lines) shows where the response function for the adjoint sensitivity is com-
puted, i.e. the region where the impact is measured. The outer box (red lines) shows the region for which
impacts are screened, AIRS observations occurring outside this region are not included in subsequent metrics.
Gonzalo’s track from NHC is superimposed, with colors corresponding to intensity (green=tropical depression,

yellow=tropical storm, red=hurricane, purple=major hurricane); extratropical phase not plotted.
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GEOS-5 24h Observation Impact Summary
1 Oct 2014-31 Oct 2014 00z

Global Domain, Fraction of Beneficial Obs
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1003 FIG. 6. Fraction of observations from each instrument type that reduced 24-hour forecast error for the period 1
w00¢  -31 October 2014. Red, green and blue bars show the impact on the fraction of beneficial observations produced

w05 by the RAD, RAD2, and the RAD3 experiments, respectively.
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GEOS-5 24h Observation Impact Summary
12 Oct 2014-19 Oct 2014 06,18z
N. Atlantic
Adjoint initialized: (75W to 35W, 10N to 40N)
Impact measured: (115W to 5E, 30S to 85N)
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1006 F1G. 7. Fraction of observations from each instrument type that reduced 24-hour forecast error for the period
w007 12-19 October 2014, over a domain encompassing the track and life cycle of Hurricane Gonzalo. Red, green and
1w blue bars show the impact on the fraction of beneficial observations produced by the RAD, RAD2 and RAD3
w000 experiment, respectively. The impacts are computed as the average of the adjoint initialized across all 0600 UTC

w10 and 1800 UTC analyses, corresponding approximately to the Aqua passes over the domain.
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FIG. 8. Cloud-cleared AIRS radiance coverage in all the experiments at 0600 UTC 15 October 2014. L is Hur-
ricane Gonzalo’s center, from the NHC. Circles indicate locations of assimilated radiances: observation minus

forecast (O-F) brightness temperatures (values in K), channel 169, corresponding to approximately 185hPa.



Forecasts Statistics
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1014 FI1G. 9. Global anomaly correlation for AIRS cloud-cleared radiance assimilation experiments, for the fore-
115 casts initialized from September 21st to October 31st, 2014 (41 forecasts). Forecast skill as a function of forecast
w16 time (panel above), experiment minus OPS forecast skill difference (center panel), experiment minus RAD fore-

w17 cast skill difference (lower panel). The horizontal bars represent statistical significance.
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Analysis Minimum SLP for Edouard
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1018 FI1G. 10. Analysis of minimum center pressure for Hurricane Edouard in RAD, CLD3, and SThin2_CLD

w19 experiments, compared to the observations (National Hurricane Center Best Track).
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tdouard 18Z1/5SEP2014
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1020 FIG. 11. Above: Zonal vertical section of wind (ms~!), temperature (°C, solid black contours) and temper-
w021 ature anomaly (solid red contours, contours every 2°C, only > 4°C for clarity) for Hurricane Edouard at 1800
w0z UTC 17 September 2014, comparing the RAD, CLD and SThin2-CLD experiments. Below: horizontal winds
w2 at 850 hPa (ms~!, shaded) and slp (hPa, solid).

55



Analysis Minimum SLP for Gonzalo
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1024 FI1G. 12. Analysis of minimum center pressure for Hurricane Gonzalo in RAD, CLD3, and SThin2_CLD

w25 experiments, compared to the observations (National Hurricane Center Best Track).
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FIG. 13. Same as Fig 11, but for Hurricane Gonzalo at 1800 UTC 16 October 2014.
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Analysis Minimum SLP for Vance
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1026 FI1G. 14. Analysis of minimum center pressure for Hurricane Vance in RAD, CLD3 and SThin2_CLD experi-

1027 ments, compared to the observations (National Hurricane Center Best Track).
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Vance 12Z03N0OV2014
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FI1G. 15. Same as Fig 11, but for Hurricane Vance at 1200 UTC 03 November 2014. Red contours > 2°C
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Mean Forecast Center Pressure RMS
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1028 F1G. 16. RMS Error for center pressure forecast (hPa) as a function of forecast time. Gonzalo (top), Vance

1020 (bottom).

60



GEOS-5 24h Observation Impact Summary
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1030 F1G. 17. Fraction of observations from each instrument type that reduced 24-hour forecast error for the
w31 period 1-31 October 2014. Red, blue and yellow bars show the impact on the fraction of beneficial observations

w2 produced by the CLD, CLD3, and the SThin2_CLD experiment, respectively.
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GEOS-5 24h Observation Impact Summary
12 Oct 2014-19 Oct 2014 06,18z
N. Atlantic
Adjoint initialized: (75W to 35W, 10N to 40N)
Impact measured (115W to 5W 30S to 85N)
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F1G. 18. Fraction of observations from each instrument type that reduced 24-hour forecast error for the period
12-19 October 2014, over a domain encompassing the track and life cycle of Hurricane Gonzalo. Red, blue and
yellow bars show the impact on the fraction of beneficial observations produced by the CLD, CLD3, and the

SThin2_CLD experiment, respectively (averaging the forecasts initialized at 0600 UTC and 1800 UTC).
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